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Intracellular inflammasome complexes regulate critical cytokine responses to infections. In this issue of Cell
Host &Microbe,Karki et al. (2015) show that protection against the fungus Aspergillus requires the combined
efforts of the NLRP3 and AIM2 inflammasomes and involves both caspase-1 and caspase-8.Inflammasomes are multi-protein intra-
cellular complexes that mediate cleavage
of inactive cytokines into their biologically
active forms. They function as a central
nexus to regulate innate immune re-
sponses to pathogens and are critical for
early host defense to many microbes as
well as the development of protective im-
mune states. In this preview, we highlight
the recent findings of Karki et al. (2015)
that host protection from the fungal path-
ogen Aspergillus requires the combined
efforts of two distinct inflammasome
complexes and discuss the implications
of these findings.
Aspergillus is a major human fungal
pathogen. It is ubiquitously present in
the environment and does not usually
cause disease in the immunocompetent
host. Under conditions of immune sup-
pression, such as AIDS or chemo-
therapy, the fungus can overgrow and
invade the host leading to invasive
pulmonary aspergillosis, disseminated
aspergillosis, or the development of a
localized aspergilloma within cavities of
the lung or other organs. In persons
with asthma or cystic fibrosis, an exag-
gerated immune response or hypersensi-
tivity to the fungus can cause allergic
bronchopulmonary aspergillosis (ABPA),
which leads to bronchiectasis, tissue
damage, and scarring and constriction
of the airways.
Inflammasomes are members of the
NOD-like receptor (NLR) family of im-
mune receptors. Unlike traditional recep-
tors that utilize intracellular signaling
cascades to alter gene expression,
inflammasomes form multi-protein com-
plexes, which recruit and activate inflam-
matory caspases, including caspase-1
and -8, resulting in cleavage of their inac-290 Cell Host & Microbe 17, March 11, 2015tive target proteins (including the cyto-
kines IL-1b and IL-18) to induce inflam-
mation and cellular death (Mariathasan
and Monack, 2007). Traditionally, inflam-
masome activation requires the sensing
of two separate signals; signal 1 involves
the engagement of canonical immune
receptors, such as TLRs, to induce
expression of the key components of
the inflammasomes. This ‘‘priming’’ is
followed by a second signal, which is
most commonly induced by molecules
associated with cell stress and/or dam-
age and mediates the formation of
the multimeric inflammasome complex
leading to activation of proteolytic cas-
pases, cytokine cleavage, and release.
The most well-studied inflammasome,
NLRP3, which includes the adaptor pro-
tein ASC containing a caspase activation
and recruitment domain (CARD), is acti-
vated by viruses, bacteria, fungi, crystal-
line solids, and host molecules. Multiple
studies have demonstrated the impor-
tance of the NLRP3 inflammasome in
fungal infections including Candida albi-
cans (Gross et. al. 2009, Hise et. al.
2009, Joly et. al. 2009), Aspergillus
(Saı¨d-Sadier et. al. 2010), as well as
Cryptococcus (Guo et. al. 2014). The
NLRC4 inflammasome has also been
shown to play a role in vivo in mucosal
candidiasis (Tomalka et. al. 2011). AIM2
containing inflammasomes were first
identified in response to the presence
of foreign double-stranded viral DNA
and have since been implicated in
response to other pathogenic DNA
including bacteria (Rathinam et. al.
2010) but, to date, have not been shown
to play a role in innate responses to
fungal pathogens. Most inflammasome
studies have focused on identifying theª2015 Elsevier Inc.role of a single inflammasome in
response to pathogenic infection. Now,
Karki et al. (2015) characterize the com-
bined role of multiple inflammasomes
(NLRP3 and AIM2) in response to
Aspergillus.
Using a murine model of intranasal
Aspergillus infection, Karki et. al. (2015)
show that deficiency in NLRP3 or AIM2
alone results in minor reductions in sur-
vival and slightly enhanced fungal infec-
tion levels. However, these results differ
starkly from the phenotype observed in
mice deficient in ASC, a key scaffolding
protein involved in both NLRP3 and
AIM2 inflammasome functioning. The
authors observed dramatically reduced
survival in ASC-deficient mice similar to
caspase-1-deficient mice. Next, they
demonstrate that double deficiency in
NLRP3 and AIM2 results in a phenotype
similar to ASC-deficient mice. Since it is
known that inflammasomes function
both in hematopoietic as well as non-
hematopoietic cells, bone marrow
chimeras were utilized to determine
which compartment(s) these inflamma-
somes function to mediate protection
from Aspergillus. They demonstrate that
both NLRP3/AIM2 double knockout
(DKO) mice reconstituted with WT bone
marrow and WT mice reconstituted
with NLRP3/AIM2 DKO bone marrow
resulted in partial susceptibility to infec-
tion. This readily demonstrates that
expression of NLRP3 and AIM2 is
required in both compartments for effec-
tive protection.
One of the key downstream conse-
quences of inflammasome assembly is
the activation of caspase-1 and cleavage
of IL-1b into its biologically active and
secreted form. IL-1b is a key inflammatory
Figure 1. The Dual Inflammasome Activation by Aspergillus
In response to Aspergillus infection, pro-caspases and pro-cytokines are induced via innate pattern
recognition receptors including TLRs and dectin-1/2 (signal 1). With additional fungal exposure, the
NLRP3 as well as the AIM2 inflammasomes are activated (signal 2) leading to the recruitment and auto-
cleavage of caspase-1 as well as caspase-8, the latter dependent on RIP3 and FADD. Activated caspases
cleave the inactive forms of IL-1b and IL-18 to the biologically active forms leading to localized inflamma-
tion, the recruitment of inflammatory cells and downstream inflammatory responses that are critical for
protection from disseminated infection.
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immune and non-immune cells at sites
of infection and in distant organs such
as the liver and brain. In corroboration
with their in vivo findings, the authors
demonstrate that single deficiency in
NLRP3 or AIM2 had minimal impact on
caspase-1 activation and IL-1b or IL-18
secretion from bone-marrow derived den-
dritic cells (BMDCs) stimulated with
Aspergillus conidia, demonstrating a
redundant role for these molecules
in vitro. However, deficiency in both
NLRP3 and AIM2 results in a near com-
plete loss of caspase-1 cleavage and
IL-1b and IL-18 secretion. This provides
the first mechanistic evidence for the
concerted action of these two inflamma-
somes in protecting against Aspergillus
infection.
A new molecular tool has recently
emerged for tracking inflammasome acti-
vation in live cells. Following inflamma-
some activation, the cellular localization
of ASC changes from a diffuse cyto-
plasmic distribution to distinct punctate
structures termed ASC foci. Karki et. al.
(2015) show that the occurrence of ASC
foci is reduced in response to single in-
flammasome deficiency compared to
wild-type cells but completely lost when
both NLRP3 and AIM2 are absent. Thefunction of inflammasomes is not only
dependent on the formation of the
canonical multimeric complexes but
also their recruitment of proteolytic cas-
pases to the complex. Caspase-1 is
the classical caspase involved in the
NLRP3/ASC inflammasome processing
of IL-1b as well as IL-18. In certain situa-
tions, caspase-8, the initiator caspase for
death receptor-induced apoptosis, can
also participate in pro-IL-1b processing
including in response to Candida albi-
cans (Ganesan et. al. 2014). Karki et. al.
(2015) examine the composition of the
ASC foci in NLRP3- and AIM2-deficient
BMDCs and find that in wild-type cells
stimulated with Aspergillus the ASC foci
contained both caspase-1 and -8,
compared to cells lacking NLRP3 or
AIM2, which contained only caspase-1.
Consistent with this, Karki et. al. (2015)
report that mice lacking caspase-8
show increased susceptibility to pulmo-
nary Aspergillus infection. This identifies
a crucial role for caspase-8 containing in-
flammasomes in mediating protection
against Aspergillus infection. Intriguingly,
the authors also observed that FADD, a
key signaling component in TNF-induced
apoptosis, was required for IL-1b
response from BMDCs as well as protec-
tion from infection in vivo. This link be-Cell Host & Microbe 1tween FADD and caspase-8 represents
a novel area of research in inflamma-
some function and opens the door for
studies detailing how induction of
apoptosis impacts inflammasome activa-
tion in fungal infections.
Overall, the current study by Karki et.
al. (2015) has multiple important implica-
tions for the field of fungal immunology
as well as inflammasome biology as illus-
trated in Figure 1. First, the authors show
that the NLRP3 and AIM2 inflammasome
proteins function in concert to mediate
protection against Aspergillus infection.
Despite the close evolutionary relation-
ship between inflammasome proteins, lit-
tle is known about how they interact with
one another to mediate inflammation. A
prior study on a different fungal path-
ogen, Candida albicans, identified both
the NLRP3 and NLRC4 inflammasome
as being crucial for protective immunity,
with NLRP3 functioning in hematopoietic
cells and NLRC4 functioning in the
stroma (Tomalka et. al. 2011). However,
other studies have not demonstrated a
role for NLRC4 mediating IL-1b re-
sponses to Candida and other fungal
pathogens in vitro. Given the redundancy
of the NLRP3 and AIM2 inflammasomes
in cellular responses to Aspergillus as
demonstrated by Karki et. al. (2015),
this will likely motivate others to look
for similar inflammasome redundancies
in mediating IL-1b and IL-18 responses
to other pathogens. Moreover, the au-
thors not only characterize the impact
of NLRP3 and AIM2 deficiency on cyto-
kine production, a key mechanism in
driving immunity, but also identify the
components that comprise the inflam-
masome in response to Aspergillus.
Interestingly, they find caspase-8 as a
common member of ASC-containing in-
flammasomes in wild-type cells but not
in cells deficient in the NLRP3 and
AIM2 inflammasome demonstrating the
requirement for both of these molecules
for the recruitment of caspase-8 to
the inflammasome complex. They also
discover that caspase-8, and its adaptor
protein FADD, are absolutely required for
Aspergillus-induced cytokine production
as well as for protection from infection
in their mouse model of invasive pulmo-
nary aspergillosis. Identifying potential
crosstalk between the inflammasomes
and apoptotic pathways represents a
paradigm shift in how we view the7, March 11, 2015 ª2015 Elsevier Inc. 291
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Previewsinduction of immunity and may play a
key role in understanding how the host
combats fungi and other infectious
organisms.
REFERENCES
Ganesan, S., Rathinam, V.A., Bossaller, L., Army,
K., Kaiser, W.J., Mocarski, E.S., Dillon, C.P.,
Green, D.R., Mayadas, T.N., Levitz, S.M., et al.
(2014). J. Immunol. 193, 2519–2530.
Gross, O., Poeck, H., Bscheider, M., Dostert, C.,
Hannesschla¨ger, N., Endres, S., Hartmann, G.,292 Cell Host & Microbe 17, March 11, 2015Tardivel, A., Schweighoffer, E., Tybulewicz, V.,
et al. (2009). Nature 459, 433–436.
Guo, C., Chen, M., Fa, Z., Lu, A., Fang, W., Sun, B.,
Chen, C., Liao, W., and Meng, G. (2014). Microbes
Infect. 16, 845–854.
Hise, A.G., Tomalka, J., Ganesan, S., Patel, K.,
Hall, B.A., Brown, G.D., and Fitzgerald, K.A.
(2009). Cell Host Microbe 5, 487–497.
Joly, S., Ma, N., Sadler, J.J., Soll, D.R., Cassel,
S.L., and Sutterwala, F.S. (2009). J. Immunol.
183, 3578–3581.
Karki, R., Man, S.M., Malireddi, R.K.S., Gurung,
P., Vogel, P., Lamkanfi, M., and Kanneganti, T.-D.ª2015 Elsevier Inc.(2015). Cell Host Microbe 17, this issue,
357–368.
Mariathasan, S., and Monack, D.M. (2007). Nat.
Rev. Immunol. 7, 31–40.
Rathinam, V.A., Jiang, Z., Waggoner, S.N.,
Sharma, S., Cole, L.E., Waggoner, L., Vanaja,
S.K., Monks, B.G., Ganesan, S., Latz, E., et al.
(2010). Nat. Immunol. 11, 395–402.
Saı¨d-Sadier, N., Padilla, E., Langsley, G., and
Ojcius, D.M. (2010). PLoS ONE 5, e10008.
Tomalka, J., Ganesan, S., Azodi, E., Patel, K., Maj-
mudar, P., Hall, B.A., Fitzgerald, K.A., and Hise,
A.G. (2011). PLoS Pathog. 7, e1002379.H10N8 and H6N1 Maintain Avian Receptor BindingMathilde Richard1 and Ron A.M. Fouchier1,*
1Department of Viroscience, Postgraduate School Molecular Medicine, Erasmus MC, Rotterdam 3015 GE, the Netherlands
*Correspondence: r.fouchier@erasmusmc.nl
http://dx.doi.org/10.1016/j.chom.2015.02.020
Influenza viruses of animals can cross species and infect humans. In this issue of Cell Host &Microbe, Zhang
et al. (2015) and Tzarum et al. (2015) describe crystal structures and receptor-binding properties of hemag-
glutinins of avian-origin H10N8 andH6N1 influenza viruses. Human infections with these viruses are not asso-
ciated with a switch favoring human receptor binding.Influenza A viruses infect a broad spec-
trum of hosts, including many avian and
mammalian species. Influenza A viruses
are classified into subtypes, based on
antigenic variation of the viral surface
glycoproteins hemagglutinin (HA) and
neuraminidase (NA). To date, 16 antigenic
variants of HA (H1–H16) and 9 antigenic
variants of NA (N1–N9) have been found
in birds, and two additional HA and NA
variants were detected recently in bats
(H17N10 and H18N11). Of the large diver-
sity of influenza A viruses circulating in
animals, only a handful have been re-
ported to cross the species barrier and
infect humans (Richard et al., 2014).
These zoonotic events were restricted
to sporadic individual cases with no sus-
tained transmission between humans.
However, should zoonotic viruses acquire
the ability to transmit efficiently between
humans, this could mark the beginning
of a new influenza virus pandemic. There-
fore, research efforts to understand the
determinants of host adaptation and sub-
sequent transmission between humans,
and to characterize zoonotic viruses inorder to estimate their potential impact
on human health, have recently received
much attention.
Influenza A viruses enter host cells via
endocytosis upon binding of HA to termi-
nal sialic acids (SAs) present on glyco-
conjugates. HA of human viruses attach
to SAs that are linked to the penultimate
sugar by an a2,6 linkage, which are abun-
dantly present on the surface of epithelial
cells in the human upper respiratory tract
(URT). In contrast, HA of avian influenza
viruses have a preference for SAs that
are linked to the penultimate sugar by
an a2,3 linkage, which are abundant on
the surface of epithelial cells in the intes-
tinal tract of birds, but are also present
in the human lower respiratory tract
(LRT). The fact that avian viruses are not
capable of efficiently infecting humans
without prior adaptation is generally
attributed to the scarcity of a2,3-SAs
along the human URT. It has been shown
that preferred binding to a2,6-SA is a
critical determinant of host adaptation
and of subsequent transmission between
mammals.Resolution of HA structures by X-ray
crystallography, either in the free form or
in complex with avian and human recep-
tor analogs, has helped to dissect the
structural basis for HA receptor speci-
ficity. Early studies reported the analyses
of human and pandemic virus HA struc-
tures and their interactions with receptor
analogs (Gamblin and Skehel, 2010).
Over the last decade, many other HA
structures have become available, with
a focus on HAs of zoonotic viruses. In
this issue of Cell Host & Microbe, teams
from the SCRIPPS Research Institute in
California headed by Ian Wilson publish
back-to-back elegant articles on the HA
receptor specificity and crystal structures
of recent zoonotic H10N8 and H6N1 influ-
enza viruses (Zhang et al., 2015; Tzarum
et al., 2015).
In December 2013, the Chinese health
authorities reported three human cases
of infection with avian influenza H10N8 vi-
rus, of which two were fatal. These were
the first documented human cases of
infectionwith an avian influenza H10N8 vi-
rus. Zhang et al. analyzed the receptor-
